Adequate moderation is required to thermalize the incident neutrons for increased counting efficiency, but as the system size increases so will the die-away time. The optimal moderator configuration is one for which the increase in neutron detection efficiency is not off-set by an increase in die-away time. Thus, the entire system performance must be evaluated with every configuration change. The simulation results will be validated against a bench-top demonstrator unit design based on the system identified through simulations as having the highest performance potential. Presented here are the simulation results with various configurations ofBF 3 filled proportional counters, lO B lined proportional counters and 6 Li/ZnS(Ag) sheets, and preliminary measurements with the initial bench-top system.
filled proportional counters, and therefore will be affected by the decreased availability of 3 He. Non-3 He based NMCs, in various configurations, have been simulated to establish the theoretical perfonnance achievable without using 3 He. In addition to 3 He there are two other commonly used neutron capture detection materials, lO B and 6 Li. Boron-l0 is available in a gaseous from (BF 3 ), and in a solid fonn, which can be used for coating devices. Lithium-6 does not exist in a gaseous form, and elemental 6 Li is chemically reactive, so it is typically bound in a compound, such as 6 LiF. There are other thermal neutron detectors available, but for various reasons (small size, low cross sections, gamma ray sensitivity, etc.) they are not as commonly used. In this work several 3 He alternative NMC configurations have been considered. The counter designs simulated in this study were limited to systems developed with three currently commercially available neutron detectors: BF 3 proportional tubes, lO B-lined proportional tubes, and 6 LiF/ZnS(Ag) scintillating sheets. Some basic properties of the detector materials considered are listed in Table 1 [2] . Helium-3 has the highest cross-section of the detection isotopes listed in Table 1 ; to achieve equivalent efficiency to a 3 He based system with one designed with lO B or 6 Li more neutron detection material is required. To compare the performances of the different configurations simulated, two figures of merit (FOMs) were used. The first FOM was the standard (coincidence or doubles) FOM defmed as [3] :
where s is the system total neutron detection efficiency and 'T is the system die-away time (the average lifetime of a neutron in the counter [4] ). This FOM was established for use with coincidence counters, where the doubles rate is the highest mUltiplicity considered, but has also traditionally been used to compare the performance of multiplicity counters. However, as multiplicity counters also collect the triples, and this study considered NMC configurations only, the additional mUltiplicity or triples FOM defined as:
was also used for comparing configurations.
To achieve the best performance, based on both FOMs, the efficiency (of the system) must be maximized and the die away time minimized.
However, the neutron detection efficiency clearly has a larger effect on the FOM3 than the FOM2. [6] . The ENMC was modeled first, and that design was used as a starting point for the alternative configurations studied (Fig. la) . Two additional constraints placed on the system designs studied were that the system be small enough to be moved by two people and the center counting chamber be accessible without the need for additional equipment. The first replacement technology simulated was the BF 3 filled proportional counters. The initial simulations were performed with the tubes filled to a pressure of 1 atm. It was determined that even with moderator optimization this configuration would not produce acceptable performance in a practical footprint. An increase in the efficiency beyond what was achieved with l-atm tubes required a design with more neutron capture sites. The three basic options to add neutron capture sites to a system designed with BF 3 filled proportional counters are: increase the nwnber of tubes, increase the tube volume, or increase the tube pressure. An increase in the number of tubes in the model resulted in an increase in the system footprint and the die-away time, as the neutrons had further to travel to reach the outer tubes. Likewise, a larger tube diameter limited how close the tubes could be positioned, which increased the footprint and die-away time.
The simulations performed with higher tube pressure produced increased system efficiency without making the footprint larger; however, the necessary applied high voltage increases with tube pressure, and ultimately will limit the pressure that can be used. For the final simulations the tube pressure was limited to a commercially available pressure of 2 atm. The optimized 2-atm configuration contained six rings of 2.54-cm diameter tubes (Fig. Ib) . A ring by ring efficiency analysis illustrated that the efficiency of each ring decreased after reaching a maximum in the second ring (even though there is more BF 3 in the outer rings). Also, the die-away time of the system increased as the system got larger. Thus, adding rings would result in diminished gains and a footprint that exceeded practical dimensions. The optimal six ring design did not produce FOMs equivalent to the ENMC; however, the FOMs were higher than those of some other counters (Fig. 2) . The highest FOMs achieved with the BF 3 configuration were a FOM2 of 74 and a FOM3 of 4,234. Boron-lO lined proportional counters do not have the same high voltage requirements as BF 3 filled proportional tubes, making them more appropriate for some situations. However, the amount of lO B that can be incorporated into lO B-lined tubes is limited by the thickness of the coating that can be applied to the tube surface. The optimal coating thickness is determined by the range of the (n, lO B) reaction products. The signal produced by lO B-lined tubes is generated in response to the reaction products escaping the lining and entering the proportional gas. Therefore, if the lining is too thick fewer of the reaction products will escape, and there will be a decrease in the signal generated (even though more neutrons are stopped [7] ). Small diameter tubes can be close-packed to minimize space requirements while simultaneously increasing the amount of lO The final type of detector simulated was comprised of 6 LiF/ZnS(Ag) sheets. Thin sheets were sandwiched with plastic light guides to transmit the light to the photomultiplier tubes (PMTs) and simultaneously provided neutron moderation.
Various numbers of 6 LiF/ZnS sheets, with different thicknesses of plastic light guide separating them, were simulated.
The optimal configuration identified consisted of 20 layers of 6 LiF/ZnS separated by 0.7-cm thick sheets of light guide. Because the light guide doubled as the neutron moderator, in this configuration the only additional polyethylene required was around the chamber and around the outside. A design with 14 trapezoidal wedges encompassing the center chamber provided the highest FOMs of the configurations simulated (Fig. 1 c) . Due to the small particle sizes of the 6 LiF and ZnS the reaction products from the neutron capture in the 6 Li were not tracked into the ZnS. Also, MCNPX cannot be used to simulate the light transmission through the light guides. Therefore, the expected efficiency for these studies was determined by tallying the neutron captures in the 6 Li and reducing it by a multiplicative correction factor to account for the signal losses from reaction products not reaching the ZnS particles, and from light loss during transmission to the PMTs. The correction factor was determined through validation measurements. The currently used multiplicative correction factor is 0.57. The appropriate correction factor is dependent on the measured and simulated configuration. Therefore it must be established separately for each system. The maximum FOM2 achieved at this time was 236, and the maximum FOM3 was 10,312 (with the correction factor applied), as shown in Fig. 2 . These results indicate a <E--65.1 em ----7
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While the FOM3 for the 6 LiFIZnS system was slightly lower than the ENMC (due to the lower neutron detection efficiency) this system still had the highest performance of the three 3 He alternatives simulated.
The validation of the methodology used to simulate the response generated by these different detectors, and the determination of the 6 LiFIZns correction factor was previously documented [8] .
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<E---73.5 em ---:;.) (d) 
III. EQUIPMENT AND SETUP
The results of the simulations were used to select the technology to be used in the bench-top system. Based on the predicted perfonnance, the 6 LiF/ZnS sheets were selected. Measurements will be made with different configurations to determine the optimal physical design (PMT location, the use of light-guides to couple the PMTs to the detector, etc.). The base design of the initial test system was chosen to be five sheets of 0.5-mm thick 6 LiF/ZnS on clear polyester backing, layered with six pieces of light guide material.
The light guide will transmit the light from the 6 LiF/ZnS sheets to PMTs.
The PMTs used for these measurements were Hamamatsu H1161-50. Two light guide thicknesses, 0.7 cm and 0.5 cm, were chosen for testing based on the MCNPX simulations. Two different light-guide materials were selected for the initial measuremetns, a wave-length shifting plastic (WLSP) and polymethyl-methacrylate (PMMA). The WLSP absorbs the blue light emitted by the ZnS and re-emits it isotropically within itself as green light. The WLSP improves light collection efficiency because more of the photons emitted in the plastic can travel the length of the light guide without being attenuated than can the photons that are transmitted by the PMMA light guide (if the photons are not re-emitted in the light guide then only the photons that enter above the critical angle will be reflected the length of the light guide). However, the WLSP is more sensitive to gamma rays than the PMMA (which does not scintillate); gamma sensitivity could limit the ability of WLSP to be used in mUltiplicity counter configurations.
The initial bench-top system configuration was constructed 550 with the 0.7-cm WLSP as the light guide (Fig. 3) . Two PMT configurations were tested with the initial system, a single PMT (configuration "A") and one PMT on each end of the detector (configuration "B"). The initial testing will determine neutron and gamma ray sensitivity with the different light guides, and the ideal number and location for the PMTs. The data is being collected with a XIA LLC DGF Pixie-500 waveform digitizer, which digitizes the pulses at a rate of 500 MHz. The individual digitized pulses are stored for post processing. 
IV. INITIAL TESTING
The pulses produced in response to the neutrons and gamma rays have distinct shapes; the neutron pulses have a long tail while the gamma ray pulses are narrow (Fig. 5) . The digitized pulses were analyzed with a simple pulse shape discrimination (PSD) algorithm performed with a commercial software package (MATLAB 7.13, The MathWorks Inc., Natick, MA). The PSD algorithm, as it was applied in these measurements, integrates and compares the amount of charge in two regions of the pulse. A "tail" region (Qtail, from position-2 to position-3 as shown in Fig. 5 ) and a "total" region (Qtotal, from position-l to position-3 as shown in Fig. 5 ) are integrated for each pulse. The ratio of the charge in the two regions (QtaiIlQtotal) is used to identify the neutron and gamma ray pulses. A pulse with a charge ratio close to zero is a gamma ray event and a pulse with a charge ratio close to one is a neutron event. The size of the regions selected for the pulse analysis can affect how the pulses are identified. The settings for this analysis were selected by determining the average width of a gamma ray pulse and subtracting the corresponding number of channels from the full pulse length to determine the width of the tail window. It was determined that using the entire pulse was not necessary, and that a factor of ten more channels in the tail region than in the peak region was sufficient to maintain the same level of neutron identification as achieved with the entire pulse (for the analysis of the preliminary data a short region of 20 channels (40 ns) and a long region of 200 channels (400 ns) was used). Histograms of the charge ratios were generated to determine the neutron and gamma ray count rates.
V. RESULTS

A. P MT Configuration A
Measurements were made with the bench-top system (with PMT configuration A) in response to an un-moderated 252 Cf neutron source and a 60 Co gamma ray source. Histograms of the charge ratios for the pulses obtained with a 252 Cf source and a 60 Co source (both centered on the detector) are shown in Fig. 6 . The count rates in the neutron and gamma ray regions are listed in Table II . The long tail on the neutron region of the histogram consists primarily of low height pulses without clear structure that would be minimized through the use of a higher DGF Pixie-500 trigger threshold. A low DGF Pixie-500 trigger threshold was used for these measurements to increase the probability of obtaining a signal in response to the gamma ray source . Coincident measurements were made with the PMT B configuration. The coincident measurements were made by setting the parameters for the DGF Pixie-500 data acquisition so that a trace was recorded only if both PMTs received a signal above the trigger threshold within a specified time. The time window for the coincident signals was selected based on the requirements of the trace identification time of the waveform digitizer. The coincident measurements reduced the neutron signal, but produced an even larger suppression of the gamma ray signal, as shown in Fig. 7 . There was a 14% decrease in the recorded neutron count rate for coincident measurements compared to single PMT measurements in response to a 252 Cf source, but there was an 84% decrease in the gamma ray count rate (for the same source), as shown in Table III . Coincident measurements with a 60 CO source likewise suppressed the majority of the gamma ray signal (note that the scale for Fig. 7b has been decreased to show more detail). There was a higher suppression of the neutron region in the coincident measurements with the 60 Co source than with the 252 Cf source, which was attributed to the low statistics associated with the 60 Co measurement. Collimated measurements with the 252 Cf and 60 Co sources demonstrated that the light from the gamma ray interactions was largely attenuated before the signal could travel the length of the detector. However, enough of the larger neutron signal 552 ( 6 LiF/ZnS emits � 160,000 photons/ neutron and � 75,000 photons/gamma ray [9] ) was preserved to permit coincident signals between the two PMTs to be detected in response to the neutron interactions. 
VI. CONCLUSION
Several different NMC configurations were simulated based on three commercially available neutron-capture detectors (BF 3 filled proportional counters, lO B-lined proportional counters and 6 LiF/ZnS sheets). The goal for the alternative NMC configurations was to match the ENMC performance capabilities and maintain a reasonable size and weight for the instrument. Of the three 3 He-alternative detectors simulated the best performance was realized with the 6 LiF/ZnS sheets. A preliminary bench-top detector was built with five sheets of the 6 LiF/ZnS sandwiched with six pieces of light guide. The first system was constructed using the 0.7-cm thick wave length shifting plastic as the light guide material. Initial testing has demonstrated that the test system is sensitive to both neutrons and gamma rays. Coincident measurements between PMTs located at either end of the detector decreased the recorded neutron count rate by approximately 14% and the recorded gamma ray count rate by approximately 84%. The decrease in the gamma ray signal with coincident measurements between PMTs at either end of the detector indicates this could provide a viable option for gamma ray suppression.
Additional measurements with other light guides will be performed to identify the configuration that will produce the highest neutron count rate while simultaneously suppressing the gamma ray signal. The WLSP will be tested at 0.7-cm and 0.5-cm, and the PMMA will be tested at 0.7-cm. Measurements will also be made using a shaped light guide to couple the PMTs to the detector surface to determine if an increase in the detection efficiency can be achieved. Once the optimal configuration has been selected a more complete bench-top system will be built. A MCNPX model of the complete bench-top system will be constructed to determine the appropriate correction factor for the full system simulations. The performance predictions for the complete counter configuration will be validated with the bench-top system measurements.
